Vascular cell adhesion molecule-1 (VCAM-1) and endothelialleukocyte adhesion molecule-1 (ELAM-I) are adhesive proteins induced on endothelium by cytokines. We examined the contribution of these adhesive proteins to human peripheral blood monocyte adherence to endothelium using transfected Chinese hamster ovary (CHO) cells stably expressing these proteins and monoclonal antibodies (MoAbs) to ELAM-I, VCAM-1, or CD49d/CD29 (VLA-4). the leukocyte receptor for VCAM-1. Monocytes bound to CHO cells transfected with cDNA of ELAM-1 or VCAM-1. Binding to ELAM-1 was inhibited by MoAb to ELAM-1 and binding to VCAM-1 was inhibited by MoAb to VCAM-1 or the a-chain of very late HE SEQUENCE OF EVENTS leading to monocyte T emigration in response to extravascular inflammatory stimuli can be summarized as follows. Signals are generated at the inflammatory site that activate the circulating monocyte and the adjacent endothelium. As a consequence of activation, the circulating monocytes adhere to the endothelium, migrate along the endothelial surface, diapedese, and finally emigrate through subendothelial matrix to participate in the inflammatory reaction.' Neutrophils are initially the predominant leukocyte at inflammatory sites with the peak of emigration occurring within the first several hours after the onset of inflammation.* However, within 12 to 24 hours mononuclear phagocytes become the most abundant cell in the inflammatory
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The different kinetics of emigration and subsequent accumulation in tissue of neutrophils and monocytes may be explained in part by differences in expression or configuration of adhesion proteins on the phagocyte or the endothelium.
Endothelial-leukocyte adhesion molecule-1 (ELAM-1) and vascular cell adhesion molecule-1 (VCAM-1) are surface proteins that are induced on endothelial cells and are involved in leukocyte adhesion. Neutrophils, but not peripheral blood lymphocytes (PBL), have been reported to bind to ELAM-l.'-9 Conversely, VCAM-1 has been shown to bind PBL, but not neutrophils.'0," Preliminary activation antigen-4 ( V U -4 ) (CD49d). Additive inhibition of adherence to unstimulated human umbilical vein endothelium (HUVE) was observed when monocytes were pretreated with both MoAb to CD49d and MoAb to CD18, the common @-chain of the leukocyte p2 integrin receptors. Adherence of monocytes to HUVE stimulated by recombinant human tumor necrosis factor-a was not reduced by MoAbs to CD18, CD49d. or ELAM-1 when used singly, but combinations of these MoAbs produced significant inhibition. We conclude that multiple receptor-ligand systems are involved in monocyte adherence to endothelium. 0 1991 by The American Society of Hematology.
studies have suggested that monocytes also bind to VCAM-1" but the binding of monocytes to ELAM-1 has been difficult to demonstrate clearly. '-' In this report we demonstrate that human monocytes adhere to ELAM-1 and VCAM-1 using Chinese hamster ovary (CHO) cells that have been transfected with cDNA of ELAM-1 or VCAM-1 and are stably expressing these adhesive proteins. We show that this binding is inhibited by monoclonal antibodies (MoAbs) that are specific for ELAM-1, VCAM-1, or the leukocyte receptor for VCAM-1, very late activation antigen-4 (VLA-4, CD49d/CD29).'33'4 Finally, we demonstrate that these endothelial cell ligands are involved in the adherence of human monocytes to human umbilical vein endothelium (HUVE).
MATERIALS AND METHODS
Generation of CHO cell lines that stably express ELAM-I and VCAM-I. The animal cell expression vectors pBG341JOD.ELAM and .VCAM were constructed as follows: vector pBG312" was modified by insertion of a Notl site into the polylinker sequence. The resulting plasmid, pBG341, was cleaved by Notl and Aat2. The smaller of the two fragments was ligated to the larger of the two fragments generated by Notl and Aat2 cleavage of vector pJOD-S.l6 The resulting vector, pBG341JOD, contains an expression cassette for the dihydrofolate reductase cDNA gene'' and a unique Notl site downstream from the adenovirus major late promoter. The cDNA sequences for either ELAM-1' or for VCAM-1" were inserted into the vector Notl site to generate the animal cell expression vectors pBG341JOD.ELAM and .VCAM, respectively.
To generate cell lines stably expressing ELAM-1 and VCAM-1, CHO-dihydrofolate reductase folato (CHO-DHFR-) cells18 were electroporated with 200 pg pBG341JOD.ELAM or .VCAM as described.16 Before electroporation the plasmid was linearized using Aat2. Following transfection the cells were cultured in selective medium ( Adherence assay. CHO cells were plated onto gelatin-coated 48-well tissue culture plates (Costar Corp, Cambridge, MA) and allowed to reach confluence. The medium was decanted and the wells were washed twice with RPMI containing 2% NCS (RPMI/ NCS). Subsequently, 0.2 mL of control medium (RPMINCS) or medium containing MoAbs BB11,4B9, or P4C2 was added to the monolayer 30 minutes before assay. MoAb P4C2 does not bind to either CHO or HUVE by ELISA assay,I4 but binds to monocytes by FACS analysis. Untreated leukocytes or leukocytes that were pretreated for 30 minutes with MoAb 60.3 (40 p,g/mL) were added to each well. Experiments involving monocyte adherence to HUVE were performed in a similar manner. For these experiments, some wells of the 48-well plates were pretreated with 10 ng/mL recombinant human tumor necrosis factor-a (rhTNF-a; Biogen Inc, Cambridge, MA) for 4 hours. Following 30 minutes of incubation at 37"C, nonadherent cells were discarded and the wells were washed once with 0.5 mL phosphate-buffered saline (PBS). Adherent cells were lysed with 1 N NH,OH and the lysate was counted in a gamma Nonadherent cells.
Cell culture.
MoAbs.
spectrophotometer. Percent adherence was calculated by the formula:
"Cr cpm in lysate total 5'Cr cpm added % adherence = x 100
Statistics. Levels of statistical significance were calculated by paired t-test using Statview (Brainpower, Inc, Calabasas, CA).
RESULTS
Monocytes bind to ELAM-l-tramfected CHO cells. The adherence of the leukemic cell line HL60 to control CHO cells or CHO cells stably expressing ELAM-1 was examined in three separate experiments (Fig 1A) . The adherence of HL60 to control CHO was moderate (33% f 5%) and was not reduced by MoAb 60. 3 binding to ELAM-1-transfected CHO cells (92% * 9%, 84% f 4%, and 88% f 4%, respectively).
The binding of monocytes to control CHO cells was high (50% f 17%), but was nearly abolished by the CD18 MoAb 60.3 (4% f 3%, mean f SE of three experiments).
Using MoAbs specific for CDlla and CDllb, binding to CHO cells was found to be mediated by CDllaKD18 (data not shown). To detect specific binding to ELAM-1 or VCAM-1, monocytes were pretreated with the CD18 MoAb 60.3 in subsequent experiments.
The binding of MoAb 60.3-pretreated monocytes to ELAM-1-transfected CHO cells was 41% 2 6% (Fig 1B) . Preincubation of ELAM-1-transfected CHO cells with the anti-ELAM-1 MoAb BBll reduced binding of MoAb 60.3-pretreated monocytes to 8% * 4% (P < .01). No effect was observed when MoAb 60.3-pretreated monocytes were added to ELAM-1-transfected CHO cells that had been were preincubated with the CD49d MoAb P4C2 or the anti-VCAM-1 MoAb 4B9 (32% f 9% and 39% 2 8% binding, respectively).
The binding of the Molt-4 leukemic cell line to control CHO cells and to CHO cells that stably express the adhesive protein VCAM-1 was examined (Fig 2A) . The binding of
Monocytes bind to VCAM-1 -transfected CHO cells.
Molt-4 cells to control CHO was low (1.5% f 0.3%). The adherence of Molt4 cells to CHO cells that stably express VCAM-1 was significantly higher (26% f 6%). MoAbs 4B9 or P4C2 completely inhibited this binding ( < 1%) while the anti-ELAM-1 MoAb BBll was without significant effect (19% f 4%). The binding of monocytes to CHO cells that had been transfected with VCAM-1 cDNA was also examined in a series of experiments (Fig 2B) and MoAb 4B9 produced no greater inhibition of monocyte binding than that observed with MoAb P4C2 alone (data not shown).
Monocyte adherence to unstimulated or rh TNF-a-stimulated HUVE. The binding of monocytes to untreated HUVE or HUVE that were stimulated with rhTNF-a for 4 hours was examined (Fig 3) . Because the CD49d MoAb was more effective than the anti-VCAM-1 MoAb in blocking monocyte binding to VCAM-1-transfected CHO cells (Fig  2B) , MoAb P4C2 rather than MoAb 4B9 was used to inhibit monocyte binding to VCAM-1 expressed on HUVE.
Monocyte adherence to unstimulated HUVE was For personal use only. on September 24, 2017. by guest www.bloodjournal.org From 3% and was significantly reduced by the pretreatment of monocytes with the CD18 MoAb 60.3 (37% 3%, P < .Ol).
While the CD49d MoAb P4C2 alone did not significantly inhibit monocyte adherence to unstimulated HUVE (49% f 2%), a statistically significant additive inhibitory effect was seen when MoAb P4C2 was used in conjunction with MoAb 60.3 (23% f 3%, P < .01). The further addition of the anti-ELAM-1 MoAb BBll did not affect adherence to unstimulated HUVE (25% * 3%).
In a separate set of experiments, the addition of the CD14 MoAb Leu-M3 did not produce additive inhibition of binding of MoAb 60.3-pretreated monocyte to unstimulated HUVE. In these studies the adherence of untreated monocytes was significantly reduced by MoAb 60.3 (57% f 2% v 18% -C 2%, P < .05). The addition of MoAb P4C2 to MoAb 60.3-pretreated monocytes produced further significant inhibition of binding (12% f l%, P < .05) in contrast to the addition of Leu-M3 (19% & 1%, P = not
significant [NS]).
The adherence of monocytes to HUVE that had been treated with rhTNF-a was significantly greater than monocyte binding to unstimulated HUVE (69% f 2%, P < .OS).
In contrast to the inhibitory effect of the CD18 MoAb 60.3 on binding to untreated HUVE, no inhibition of monocyte adherence to rhTNF-treated HUVE was produced by the CD18 MoAb (71% f 2%). The addition of the CD49d MoAb P4C2 to MoAb 60.3-pretreated monocytes significantly reduced binding (53% f 2%, P < .Ol). However, pretreatment of rhTNF-pretreated HUVE with the anti-ELAM-1 MoAb BBll and P4C2 followed by the addition of monocytes that were pretreated with MoAb 60.3 produced the most significant reduction of binding (38% f 2%, P < .01 versus the combination of MoAbs 60.3 and P4C2).
In a separate set of experiments, the addition of the HLA-class I MoAb 60.5 to rhTNF-a-stimulated HUVE did not produce additive inhibition of binding of monocytes that were pretreated with MoAbs 60.3 and P4C2. In these experiments the binding of untreated monocytes to rhTNFa-stimulated HUVE was 67% f 2%. Pretreatment of the monocytes with MoAbs 60.3 and P4C2 significantly inhibited this binding (26% f 6%,P < .05). Pretreatment of the rhTNF-a-pretreated HUVE with MoAb BBll produced further significant inhibition of adherence (15% f 2%, P < .05) while pretreatment with MoAb 60.5 was ineffectual (36% f 3%, P = NS).
DISCUSSION
Monocytes adhere avidly to unstimulated HUVE. This basal adherence is mediated in part by the CD18 complex on the monocyte." Pretreatment of HUVE with lipopolysaccharide (LPS) produces an additional increase in monocyte adherence21.26 that is CD18-independent." In this report we demonstrate that human PB monocytes bind to two endothelial adhesion proteins, ELAM-1 and VCAM-1, that are induced on endothelial cells by LPS or cytokine treatment and that these ligands are involved in monocyte adherence to HUVE.
The capacity of monocytes to bind to ELAM-1 and VCAM-1 was first established using transfected CHO cells stably expressing these proteins. Because of the significant basal monocyte adherence to CHO cells, it was necessary to pretreat monocytes with a CD18 MoAb. By using CDlla (lymphocyte function-associated antigen-1 [LFA-11) and CDllb (Mac-1) MoAbs in our initial studies, this basal binding to CHO cells was determined to be mediated by CDlla. CDlla is a receptor for both intercellular adhesion molecules-1 and -2, ICAM-1 (CD54)27 and ICAM-2.w The surface expression of ICAM-1 was not detected on CHO cells by ELISA with three MoAbs to human ICAM-1. Because our human CD54 MoAbs did not bind to CHO ICAM-1, we cannot determine whether ICAM-1 or ICAM-2 is involved in this basal monocyte adherence to CHO cells. To detect specific binding to ELAM-1-or VCAM-1-transfected CHO cells, in subsequent experiments monocytes were pretreated with CDl8 MoAb to eliminate CDlla/CD18-dependent binding.
Previous reports have demonstrated that ELAM-1 binds neutrophils and some leukemic cell lines (HL60, U937), but is not involved in the adherence of lymphocytes or lymphocytic cell line^.^!^,^ An initial report suggested that ELAM-1 also bound monocytes: but this result was questioned by the same investigators in subsequent studies. Having established that monocytes are capable of binding to ELAM-1 and VCAM-1, we next examined the role of these endothelial ligands in monocyte adherence to untreated and rhTNF-a-treated HUVE using various combinations of MoAbs to the adhesion proteins. An MoAb to CD18 (60.3) was used to inhibit binding to ICAM-1" or ICAM-2, another possible ligand for CDlla/CD18.'' An MoAb to the a-chain polypeptide (CD49d) of VLA-4 was used to inhibit monocyte binding to VCAM-l.L32'4 Binding to ELAM-1 was inhibited by an anti-ELAM-1 MoAb As previously described," monocyte adherence to untreated HUVE was high and a significant portion of this (~~1 1 ) . 1 9
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adherence was CD18-dependent. The CD49d MoAb alone had little effect on monocyte adherence to untreated HUVE, but produced additive inhibition when used in combination with CD18 MoAb. The anti-ELAM-1 MoAb was without effect on monocyte binding to unstimulated HUVE either when used alone or in combination with CD18 and CD49d MoAbs.
The adherence of monocytes was significantly increased by pretreatment of the HUVE with rhTNF-a. Each of the MoAbs alone produced no significant inhibition of adherence. However, combinations of the MoAbs significantly inhibited the adherence of monocytes to rhTNF-stimulated HUVE. The need to use multiple MoAbs to detect inhibition of adherence may explain the previous difficulty in demonstrating that monocytes bind to ELAM-1. While MoAbs against one or even two adhesion proteins that are involved in the binding of monocytes to stimulated HUVE may inhibit some portion of adherence, the remaining adhesion system(s) appears to compensate so that little if any effect is observed.
The adherence of monocytes to multiple adhesive ligands induced on endothelium by cytokines or LPS may explain the continued recruitment of tissue phagocytes to the inflammatory ~ite.3.~ Monocytes express the pan-leukocyte integrin CDllaKD18 that is the receptor for the endothelial ligands ICAM-1 and ICAM-2. ICAM-1 is constituitively expressed in vivoM and both proteins are detected on unstimulated endothelial cells in c~l t u r e .~~~~' An increase in the surface expression of ICAM-1 is observed for more than 48 hours after cytokine ~timulation.~' Because the ICAMs are constituitively expressed, they may be involved in the normal transmigration of monocytes as they exit the vasculature to become tissue macrophage^.^^ An increase in surface expression of ICAM-1 at sites of inflammation could facilitate leukocyte emigration, although it would lack selectivity because its receptor, CDlla, is present on all leukocytes.
The induction of ELAM-1 and VCAM-1 on endothelium by cytokines may contribute to prolonged emigration of monocytes at sites of chronic inflammation. The induction of ELAM-1 could augment monocyte as well as neutrophil emigration during the initial period of inflammation. Cytokine-induced expression of VCAM-1, an endothelial protein that does not bind neutrophils, persists for at least 48 hours in vitro.lO~" If expression of VCAM-1 is similarly maintained at sites of inflammation, monocyte emigration, mediated by the interaction of VLA-4 and VCAM-1, may persist throughout the inflammatory response and lead to the accumulation of mononuclear leukocytes that characterizes later lesion^.^^^ We acknowledge that the adherence of isolated PB monocytes to cultured endothelium may not reproduce the sequence of events that are involved during monocyte adherence and emigration in vivo. However, these in vitro experiments have identified two inducible endothelial surface proteins that are potentially involved in this heterotypic adhesive process. In the present study we have also pointed out the complexity of this process. Clearly, the relative contribution of the various adhesion systems to monocyte emigration in inflammatory disorders can only be determined by in vivo studies. It will be important to examine the time course of expression of the endothelial adhesive ligands (ICAM-1, ELAM-1, and VCAM-1) during the inflammatory response and, particularly, to determine the effect of MoAbs to the leukocyte receptors (eg, CD18, VLA-4, MEL-14) or endothelial ligands on monocyte accumulation at inflammatory sites.
